INTRODUCTION
A trend to replace conventional solvent-based coatings with waterborne ones is apparent. In general, those waterborne coatings consist of pigment (e.g., TiO2), polymer particles (binder), water (solvent), and additives (thickeners, dispersants, anti-foam agents, etc.). The film formation proceeds while the water evaporates. When the temperature is sufficiently high, the film formation will be successful. A considerable number of authors have described this process theoretically. These studies have been reviewed by Visschers et al. 1 In this paper we discuss which of the operative forces in fihn formation are the dominant ones. The prevailing forces are evaluated in more detail. We briefly indicate the evolution of theories over the years. Also, the influence of material parameters (particle size, wetting properties, etc.) and drying conditions (temperature, humidity, etc.) are discussed. Then, an experimental film-drying cell as well as the results obtained are presented. Other potential applications to investigate the performance of waterborne paints are discussed.
THEORY OF FILM FORMATION

Forces Involved in Film Drying
If one applies a latex onto a substrate and subsequently dries it below a certain temperature, the resulting film will consist of a nontransparent, powdery film. This opacity indicates that there are many residual voids left within the fihn that are capable of scattering incident light. However, if one dries the latex above this temperature, the result will be a homogeneous, transparent film. This apparent critical temperature is called the minimum film forming temperature (MFFT). Since there is virtually complete water evaporation in both cases, the existence of the MFFT indicates that, apart from the evaporation of water, another process is involved in film formation: the spherical polymer particles deform to dodecahedra touching each other, leading to the disappearance of boundaries within tile film. This process evidently is driven by a reduction of the interfacial energy and is called coalescence. It is depicted in Figure 1 .
In a drying suspension of polymeric binder particles, a variety of colloidal forces are operative. Neglecting hydrodynamic forces induced by convective or diffusive water movement to the film surface, tile operative forces are shown in Table   1 . From this table, it is evident that the capillary and the deformation forces are the prevailing ones. These will be addressed in tile next subsection. Note that capillary forces are only effective in film formation when the binder is a surface for which water is a wetting agent (contact angle 0<90~ In a separate paper, we demonstrated that this is the case, even for the relatively hydrophobic polystyrene latex in the absence of surfactants. 2 particles to sinter in the absence of water and considered the driving force to be entirely due to the polymer/air interfacial tension (Tpa). The nature of the resistance to deformation was supposed to be purely viscous. The deformation-time dependence expected was confirmed by experiments with drying latex (i.e., in the presence of water). Brown s pointed to the importance of the water/air interface receding during the drying process. He supported this with the experimental finding that, beyond the MFFT, a wet stacking of latex particles shows a much faster film formation than a dry stack of particles. As a resistance to particle deformation, he used the elastic modulus of the particles that he supposed to be purely elastic. He showed that the surface tension of water (%,,a) was responsible for tile particle deformation encountered. The effect of the MFFT was explained by the large jump in modulus of the polymer particles at the glass temperature Tg. Later, Sperry et al. 6 showed that a latex dispersion from which the water had previously been removed below Tg (resulting in a powdery opaque film), showed a (very slow) gain in transparency when heated beyond Tg.. This indicates that ~/pa may still play a role.
In accordance, Brown developed a theoretical model in which the capillary forces and the elastic-mechanical forces balance. The mechanical force was taken from the Hertz theory 7 for elastic contacts. The capillary pressure originates from the rather basic physical notion (Laplace's law) that a pressure difference should exist over a curved interface (see Figure 3) . The capillary pressure was taken from the largest curvature of the meniscus in a receding interface. In converting this to a capillary force, an inaccuracy in defining the representative cross-sectional area of the particles was later corrected by Mason. a Mason's theory predicts a capillary force on an individual particle that gradually drops with progress of deformation of the particle. This is plotted as the lower line in Figure 4 (the upper line shows an improved result by the present authors, which not only accounts for the Laplace pressure but also for the direct surface line tensions3). In this graph, successful deformation (homogeneous film without voids) is realized at an "extent of deformation" of 0.95.
As with progressive deformation, the contact area between the particles increases, the resultant stress induced in the particle (-force/area) drops down even more. Thus, not all fihns that start to deform by capillary forces will necessarily achieve the state of successful deformation. The final result of Mason's analysis is that successful deformation will occur if G < 266 t'-~, rp where G is the shear modulus of the binder medium and rp is the radius of the binder particles. Although experience indicates that successful film formation is promoted by employment of small latex particles, until now the predicted G-re -1 relationship has not been corroborated by experiments (see, e.g., Rudin et alP).
Lamprecht 1~ extended the elastic material response to a linear viscoelastic one. He also corrected a flaw in a prefactor as produced by Brown and Mason. His approach, which implicitly contains a rate dependent resis-
